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INTReDUCTION 

The advent of the laser has brought abet a revolution in the 
kinds of experimental phenomena that can be tnveitignted. In particular, 
ultra-high power monochromatic, collimated sources have intensities 
of sufficient magnitude to enable studies tc be carried out in the 
regime where “non-linear” effects are important, even dominant. Importart 
amcng these are processes which are characterised by the sirultaneous 
ab: rption of two or more optical photons. While multiple photon 
précesse® are not completely new, (they are,in fact, fairly routine in 
masnetic resonance work,/and known to be the primary mechanism for e*- 


hose in the optical part of the spretrum, like Razan 


e~ annibilation), 
scuttering, have, until the advent of the laser, deen thouzht of as 
lincar in the incident intensity, or, like the two-quantum decay of 
the metastable 2s states of hydrogen-like atoms and ions, been ernfined 


w 


to theory. (Recently, of course, these decays have been cbserved.) 


q 


dorization is one of the more fruitful for detailed, quantitative scasure- 


Of the multiple photon, non-linear optical processes, multiquantus 


ments, and for conparison with theory, since (1) one does not require 
pr-cise coincidence detween the laser light and an absorption line (2) 
the lonizations can be detected unambisuously with 100% efficiency 
(3) atomic wave functions are simple, and(hopeful!y}eufficiently accurate 
tc enable cne to make reas nable precise calculations. ge 

In this project, we produced beams of alkali atoms, cross-fired 
the atoms with high-intensity electromagnetic radiation, and collected 
Jorn ization p¥oducte, While we were prevented by experimental consider~ 
ations frer making absolute measurerents of ionization rates (frequency- 
dc pendent and intensity-depenient cross-sections) ,we demonstrated that 


these lonization rates were a function of the polarization state of 


the incident radiation “(this had not been previously ap-rectated) and 


. 
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measured the relative trar@ition probabilities fcr the different, 
i indepercent polarization states with sufficient precision to demonstrate 
that tre effect war there and wus real, und present some calculations 


to indicate good agreement between theory and expcriment. 
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A. Introduction 


In reviewing the literature pertaining to 
multiple quantum transitions in atomic systems 
one is struck immediately by the absence of any 
treatment of other than linearly polarized 
radiation fields. While the treatment of cir- 
cular polarization does not present any essential 
difficulties, it would seem that its importance nas 
been overlooked. . 

™is chapter, then, will serve several pur- 
poses. First, it will introduce the higher order 
perturbation theory appropriate to a treatment of 
multiphoton transitions. Second, it will 
briefly review several of the attempts which have , 
deen made to solve the resultant equations. Pinally, 
the chapter will indicate tne difference wnich one 
snould expect between the linearly polarized and 
circularly polarized cases and how this difference mignt 
ve exploited as a source of polarized electrons. 


Golden Rule” 
W = (20/4) |H2,1*9(z) 


where W is the probability of transition per unit 

time from an initial state % to a final state op, 
p(E) 18 the density of the final states and IH! 

is given by 


fo" 41 (E,-E,-0)(E,-B,-2h0)-- (Ey ,-,-(N-2} a0) 
for a transition of order N with E., E,, Ey and E, sad 
the energies of the initial, tne first intermediate, 
the second intermediate and the final states respec- 
tively and w the frequency of the incident radiation. 
Assuming the dipole interaction we may write H' as 


H' = <e EMr 


+ where E' is the electric field associated witn that part 


of the incident radiation corresponding to absorption. 
We can express H' abeve in terms of the photon 
flux P dy noting that the energy density n can be 
written in either of two forms: 


n= (e average =n 
ay 
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where n is the number of photons per unit volume and 
E is tne total electric field. Solving this -° for 
the amplitude of the electric ficld and kcoping only 
those terms relating to absorption, we can combine 


the result with the earlier equations and obtain 
u(r) =-/amemw at, 


where q is a unit vector in tne direction of polar- 
ization and may. be considered to stand for either 
linear or circular polarization at this point. 

Noting that the photon flux is equal to (n){c} 

wnere c is the speed of light and inserting this forgula 


tor H' may be inserted into Fermi's Golden Rule to yield 


2. 58N .,,1-N 
= a a Ary 
[apl= Cawmaa“a)®™ (9)°"" Ky ’ 
where a=e*/ac ig the fine structure constant, N 
is the order to which the perturbation tneory is 


carried and Ky is defined as 


<¢elarrl ey_)> «<@ Iq-r] 0, <0, |g-r]o> 
* Ja Coy rwdlws s2)++Cuy_,-fN-2)o) 


-- 
Te frequencies are simply defined as (E,-E,)/4. 
Te final states (of momentum p=4k) may be 
represented by the corresponding ket vectors |k> wnich 


= IR RE TEES 
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obey the orthogonality and closure relations <k|| k'>= 
(24)?8(k-k*) and f]k>(dk/8)<k] = 1. In the space 
of k vectors, the density of states is, therefore, constant 
and equal to (2x). Using the relation E=p*/2m, we 
obtain the energy density of final states (of energy e):‘ oe 


ple) = (a/A°)k_ 
(2x)? 


By combining the density of states with the forcgoing, we 
obtain the expression which must be solved; 


N 2 
(m/s) (2mFw) x |Ky] ae. 


aa (2) 


(t-I)~ 


By noting that the ionization potential of the terget 
atoms is greater than twice the energy of a ruby photon, 
we may begin by considering Eq. (%-I) only for N= 3. 

™e expansion parameter upon which the perturbation 
calculation is based may be represented as tne ratio of 
the radiation field to the coulomb field of the atom. 
Under the conditions of the experiment 108 watts were 
focused typically into 60 mn”. Te resultant value of 
the expansion parameter (for these experimental conditions) 
~4 


is approximately 10 We may, therefore, specialize 


Bq» (f-I)- to the case of three quantum interactions: 


ws OP 


. 
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where by is defined in Eq. (r-z). ‘The theoretical 
problem reduces to an evaluation of the infinite 
summations and a choice of wavefunctions. 


Bebb and Gold ” have generalized Hammerling's * 


method of average energy denominators to solve fer § y 
for hydrogen and the rare gases. Following tneir 
notation and assuming lignt polarized in tne z-direction, 
we find that the rate’ becomes (for the third order case) 
Ker <a,|2]a,><a,|z]a,><a,| 212 > (1) 
&, 8 {e, ow Muy ,-2u) : 


where ay 8)» a, and &» are the ground,first inter- 
mediate, second intermediate and final states respec- 
tively. The summations are eliminated by using an 


“average” frequency @(v) independent of the states. 
fen EQ. (@-16) may be collapsed to give 
<a,|z7la > 


% {alr}-w}(l2)-w} ~ id 


One may observe that u(v) is defined by 
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Tris result is éiind by defining O(v) in each 

successive order v by equating the right hand sides 

of Eqs. (T-1I) and (f-Ir2). Additional reduction is 

made possible by assuming that there exists a single 

"average" frequency for tne virtual states wy independent 

of the order v. This new average frequency is 


va2 ve2 
- The D(v)-ww )-TT { G-vo }, _(t-¥) *%) 


™e third order catrix element then becomes 
<a,[z|a_> 
ft g ~ 
K; ee e (t-vI) Y “Si. 


(@,-w) (@,-2w) 


In this form the problem of evaluating Ky becomes 

one of determining the “average frequency" which is, 

4n principle, well defined by Eqs. -v)*, and ¢-v1:). F 
Bebb and Gold make use of the existance of "near ' 
resonances" in the excitation spectrum to determine 
those states which make dominant contributions to G,- 

™e hydrogenic wavefunctions used by Bebb and Gold are 
alsa applicable to cesium. In the next section, however, 


a 
& more accurate procedure used by Bebb’ “* to solve 
for Sy } 18 described. 


D. Explicit Summation 


Bebb’ explicitly performs the summations in Bq(T-II) 


without resort to the average frequency approach. He proceeds by 


SS Se eee 9 


using the quantum-defect metnod for matrix elements. 
These are calculated with coulomb functions whose 
principal quantum number is adjusted to conform to 

the observed energy levels of the atom in question? 

Te effective quantum number vu, is defined by Tysz*h, 
where Tu is the energy in Rydbergs and Z is the 
residual charge on the ion. ‘The quantum defect is then 
simply v,-n. This adjustment results in radial wave- 
functions R, (kr) which asymptotically apgwesan 


Ry(ker) Cer) Paan(x + 60K7)) (revit )- 
where on 
© xe ke + (ie)? anlar) - ee eny, © (revert) 


Mis §(k°) is the "quantum defect" and can be analytically 
continued beyond the ionization potential. 

Bebb writes the integrated transition probability 
in terms of an "ionization strength" given by 


Wg" 2ret2rarw)? 3(9) (3g) (rome) 


where 


s)czg) = Lie) par, tails) }9>12 
=, (omy 


(t-x) 
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In Eq. (T-X) the ground state is denoted by g and the 
continuum states are specified by the electron propa- 
gation vector k. The degeneracy of the ground state 
is & and 7) is given by 


v=2 
63) {a £ ee z (fxr) 


vel a, (9 6”) ‘ 

‘One notices in Eq. (f-VI) ‘that, once again, the 
assumption of linearly polarized incident radiation 
has been introduced. As indicated above, Bebb takes 
as final state wavefunctions the expression 


[> = a $ + stint ymt (a9) |x,4,m,,m,>] (2-x12) 
where 
[k,4,m, ,m,> sl R, (k;r)¥}4 (0,6) x(m, ) » (2-xIII): 


and wnere R(k;r) is given in Eq. (yz )- By restrict- 
ing attention to one-electron atoms with s ground 
states, incorporating selection rules appropriate to 
Gipolar matrix elements and using Clebsh-Gordan 
coefficients to express s(3) in terms of elements 
involving @,,m, functions, Bebb obtains the result 


s()(icsn,0,d)"0(Bpya trl? EE Page 12. ; 


m=-Jj s',m,' 
[2 yt 


= : ‘a 
{ns J}, (ns J}, va=} [<t, t,m-a, Ide n> 


<t5,%.m-v, | Jg.0>p,t.m-v,v| Som } 
<p,2,0,4]| J, .m>sk,4 . 2-n, . | z| (ns yoe™™,'” 


<(ns Yooa-vl 2{ (np }, m-v><(np }, Olzins o> (* 


Q(nt3)o Q(nps), 
(z-x1¥ 


where the energy denominators are defined by 
wee. 


A(nb 3), = E(ngt,J,) - B(nts) - ote . (s-xv) 


In Eq. (X4¥ ) the summation over first-order intermediate 


5 
2 
; § 
& 
§ 
= 


states is dominated by the lowest lying configuration 

due simultaneously to the large value of the corresponding 
matrix element and the occurance of @ near resonance 

of the photon energy (for all frequencies ¢ I/3) with 

the (ng.P) configuration. ‘The sum over the second-order 
8 and d@ states is well approximated by keeping only the 
near resonant terms indicated in Pig. 1. The figure 
represents the results of Betbs's calculations, plotted . 
on a Calcomp digital plotter driven by an IBM TOT% 

computer. We observe that, for radiation at the ruby- 

laser frequency, Bebb's method gives the result 


- TATTe SB ET nT TS 7 - —> 
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6, = 6 x 10° cn’-sec ' P (H,-E,-2hw}m,> = zit? — (pezrxa) - 
| for linearly polarized incident radiation. {H-E,- sw) |M,> = z|g>- (2-xIxb) 


To outline the method we may confine ourselves 
to the solution of Eq. (xrxz-p). We will employ atomic 
units in which entom=a.7l- By evaluating the angular 


E. Implicit Summation 


In general, the method of implicit summation 


consists of the replacement of sums of matrix elements part of 1M? immediately and employing the explicit form 
with a single element between the initial or the final of H, we can write . 
state and a state obtained from a solution of one or é 

more inhomogenous Schrodinger's equations. [ {-42/ar®)-(2/r](a/ar}+l2/r7) 


Robinson® applied a form of this technique to the 


2 
case in question using a numerical form of tne atomic ~[2/r}1a"~ ay () =ruj(P) (g-xIx-c) 


TERMINI TEINS LIED AN INEPT TIE AE ARN ANTI HN 


potential and the unperturbed cesium wavefunctions. 
a nea in eotunktteme where u(r) 18 the radial part of |M;>, a° is tne 
F i - @lectron energy and where use has been made of the 
q i - (mr er [a> <alzl | (2-xvt) ; : ‘ : following asymptotic forms of the atomic potential 
a (95 9-24) ; 3 and the unperturbed wavefunction: : 
3 and ‘ a4 
: : for large r: : 
; ee | ae lk? <ilzig> ives = Mr) w -l/r 

: (97) 


u(r) » r®exp( -ar ) z ar. (rexx) 


Tea 7 


becomes 
In Eq. (t-xx) s is a non-integer “effective quantum 
2 ie K, = <Ml2[M> » (e-xvrzz) a number" similar to v, as defined in section D of this 
: + : chapter. Solution of Eq.(XIX-<) is accomplished by 
~ 


|m,> and [M,> satisfy tne equations 


The calculation is discussed in detail in a later section. 
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expressing ¥, (P) in the form F(r)exp(-ar). Once 
this asymptotic form of u,(r) has been found Eq. 
(XIX-o) 4s transformed from a differential equation 
to a finite difference equation which is solved 
numerically. The results of this implicit solution 
as applied toa one-electron atomic model (for the 
cesium atom in linearly polarized radiation at tne 


ruby-laser frequency) are: 
5 =3x 20°77 om®-sec®, 


FP. Polarization Effects 


As has been previously indicated, we have been 
unable to find previous discussions of circularly 
polarized light and multiple quantum processes. It 
is possible that circularly polarized light was ignored 
because of the natural, but erroneous, assumption 
that the unpolarized nature of the atomic systems would 
cause the transition probabilities to be independent of 
the polarization of the incident radiation. Indeed, it 
is true that transition rates for unpolarized targets 
interacting with either member of an ortnogonally 
polarized pair will be the same. A 

Tis experiment is the first to present evidence 
contrary to this assumption. As we shall show ins later seo- 
tio, there is a distinct difference in the transition 
probabilities under the influence of circularly, as 
compared to linearly, polarized light. It is the purpose 
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of this section to discuss qualitatively wny this is so. 


In addition, we indicate tne possibility that such 
differences can be exploited as a source of polarized 
electrons. 

Fig. 2 represents those virtual states of tne cesium 
atom (treated as a single active electron with an inert 
core) which are accessable to an electron, initially in 
the ground state, which absorbs three successive linearly 
polarized photons. The appropriate selection rules are 


then 


abet l 
4j = + 1,0 
am=0 , (2-XXI) 


Te notation used to indicate energy levels in the figure 


is 


raise fy) (T-XXII) 


Fach level in the figure represents the infinite set of 
levels which have angular momentum quantum numbers as 
given by Eq. (XXII). Those states whose m, values 
render them inaccessable from the initial mye have been 
omitted. In addition, the transitions starting from the 
the ayo-t have also been omitted for clarity.(They may 
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be obtained by interchanging + and - signs on all ms 
values). 

Pig. 3 considers the transition channels open 
under tne influence of right circularly polarized 
light propagating along the reference axis. Under 
these circumstances the selection rule is dm stl. 
Since the open transition channels are different for 
the my+@ ground state and the mynd ground state, they 
are exhibited separately. The difference in tne number 
and the character of the oper transition channels between 
Pigs.'2 and 3 is striking. One should note in passing 
that tne effect of the rignt circularly polarized lignt 
on the m=-% and the m=+g ground states is identical witn 
the effect of left circularly polarized light on the 
m=+g and m=-} ground states respectively. Thus, for 
an unpolarized target beam such as ours, we find no 
difference in the transition rates when tne "sense" of 
the polarization is reversed. 

A quantitative comparison of the linearly and 
circularly polarized cases awaits the evaluation 
of the appropriate matrix element sums. Briefly, 
the procedure would be to define a second ionization 
strength for circularly polarized light similar to the 
one in Eq. (T-IX). By explicitly writing tne individual 
terms in the summations of Eq. (T-IX) and its analog 
and applying the Wigner-Eckart theorem ~ both 


ionization strengths could be expressed as sums of matrix 
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elements of the form 


<ntty, |r [nt j7 


ta lt i ll as at oblast 


thereby permitting comparison. 

A comparison involving significantly less com- 
putation may be made by ignoring the effect of spin. 
Such 4 comparison serves tne dual purpose of illus- 
trating that the effect ts not dependent upon spin- 
orbit coupling and providing a model for calculation in 
the more complicated case. 

In this approximation Eq. (r-tx) reduces to 


s()a(p)(4z)* [ [zz — <ip0|z|n's0> 
mA q(nis)a(mp) . 


<n's0|z|npo><npO|z{n,s0> + <5 2 
an" Q(n'4)0(np) 


<kp0|z|n'd0><n'40| 2 npO><npo| z|n,20> ? + 


{ .. <kfo|2z|n'do> 
nn" 9(n'4)0(np) 


<n'40| 2|npo><npo|z{n,s0> \?] (T-xx111) 


and of) (the ionization strength for circularly 


polarized light) becomes 
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of) = (p) (4x)? } £2 ot San <kt3|2t4Y|n1a2> photon, the interaction takes place between a polarized 
An" 4 (n1a)Q(np) v2 
P atom and successive polarized photons. Each successive 
<n'd2|3£¥| npi><npi |=22|n,so> \? (n-xx1v) absorption increases the degree of polarization of 


vo vo 


Applying the Wigner-Eckart theorem to Eqa(xxfrr) and 
({CKIV ) and dividing, we obtain: 


AY A) oe ' (| eee — 


jo] (1/90) | ava]? sited ground states respectively. If q=x+ly: 
where C= (5748)| cig ——+_____ <ktla]n'a, ,,><n'a, ,\alnp > 
‘ A(nids 72)0(np,) : & 
= NE i aeiebae ies lea 0A <npglalnzsy? + EE aaa, iter, a) <kt|a| nid. 
fs hee A cies a Magny <n'ds olalnpsya<nP3,lalngsy? + TE Baas IM 57p) 
o-8 cen reteen #y wedesidie ao “ancl ays cf |aln'dg pnd plalmps 2>nPsyalalngs,> 1° 


BR" O(n1a)Q(np) 


(T-XXVI) %, 


G. A Polarized Electron Source 


Te use of this effect as a source of polarized 
electrons is suggested by examination of the difference 
in open transitionchannels between the left and tne 
right sides of Fig. 3. ‘The operative principle is tnat 
polarization is transferred to the target atoms during 


virtual transitions. After the ‘absorption of the first 


the target. 
In a procedure similar to the one followéd in 


tne last section, we can define ionization strengtns 
c Up and C_ for the effect of right circularly polarized 
light incident on an atom in the m=+é and m=- 


81/160) | rf ——2—______«kr|qln'4, ,,> 
+ ( ) | ant “(ata 7,)0 (Hy 9) laln'ds 7. 


<nid, /2\i\2P; 12°<0P olaln,ss” ‘s (2-xxVII) 


and 
c. = (45/16) | co 42 «nee q]0°4, > 
I ) | nant A(n'de 79)9(nPs 72) lal 5/2 
<nids,plalnps /p%nPsyalalngsy? |”, ts 
(t-xxviIz) 
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For ease of comparison we can redefine Cc, and C_ as 


Page 24 


2 
C,=(45/26) [a] | Chapter IV: The Experimental Technique 
C_=(5/48) [pec+al? + (81/160) jal?. (f-xxIX) A. Introduction 
Dividing C_ by C, we obtain Under "Theory," 1t was shown that, in tne realm to 


which perturbation theory applies, the photoionization 


cfc, = (1/27) | lt (B/A) + (C/A) ' + (9/50) . probability per atom and per unit time is proportional 
: : (T-xxx) ‘ to F" where F is the incident photon flux (in photons/cn*-sec) 
By a proper choice of frequencies, the terms in- = and where n is the order to which the perturbation 
volving A(np, /2) can be made to dominate over the theory is carried out. It is the purpose of this chapter 
terms involving O(np,). For example, in the case é to show that the value of the coefficient of propor- 
of cesium, the TP; /2 and the 7p, /2 states lie 4594.39 & ; tionality in the third order (83) can be obtained by 
and 4556.50 R above the ground state respectively. (27) measuring the incident light flux, the incident &tomic 
Tnis corresponds to a frequency difference of 543 x 102° Hz. current, the temperature of the atomic beam, the 
Incident light of the appropriate frequency can, by this ; number of photoionized atoms and the interaction geometry. 


process, selectively photolonize atoms and, thereby, 
produce polarized electrons. : ae B. Calculation of the Coefficient 


Tne calculation is based on the interaction 
geometry depicted in Fig. 4, The diameter of the 
laser spot is given by d and the height and widtn 


of the atomic beam by Det ang 4,,, respectively. 
Tne number N of atoms which will be photoionized is 
se : given by f 
N= f p wat av ‘ (Ber) 
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where Wis the photoionization probability per atom 
and per unit time, p is the density of atoms in the 


interaction region, V is the volume of intersection 
of the laser and atomic beams, and where the time 
integral 4s performed over the period during wnich 


the laser is on. 
If only a small fraction of the atoms in the beam 


are photoionized during the time that the laser is on, 


p may be considered constant and removed from the time 


integral. As was mentioned earlier, the incident laser 
8 


flux was typically 10° watts into 0.6 em’ for a period 


of approximately 20 nsec. Using these values and 


the largest estimate for 65 results in the estimate 


that only 0.01% of the atoms are photoionized. Under 


these circumstances, then, we consider p constant. 


Te photoionization probability W (as presented 


Fi ure 4 


in “Theory"). is given by 


“ 


w= 6, P(y,2) ° (B-II) - 


(Te »ar over the flux is used to emphasize tnat the 


observed flux is averaged over many periods of the 


laser oscillation but over a time short compared to 
the width of the laser pulse.). The atom density is 


f 


given by 
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where J(x,y) is the atomic current density and <v> 
is the average speed of an atom in the beam. Combining 
Eqs. (BII) and(B-22I)with Eq. (Bez), and introducing 
the assumption that J(x,y) is constant within the 


interaction volume, one obtains 


T(X,y)bsh5 54 (Pisa aa 


Ne 
<v> (B-Iv) 


where A is the area of the laser spot as it intersects 
the atomic beam. 

Pp may be replaced by uP where 3! is a temporal 
coherence correction resulting from the simultaneous 


oscillation of different laser modes, . s- 


The result is 


_ I(x69) 8st nel td /41(6) 
<y> 


ff Pat aa. 


N 
(E-V) 
By inverting Eq. (E-V¥) we obtain our initial expression 
for by in terms of the experimental parameters 


N<v> 
63(x,y)ty e(re-/HIff Pat aa, (B-vz) 


C. Average Velocity of the Atoms 


Since the atomic beam source is a vapor in 
equilibriun with the walls of an alkali oven, the 
number density velocity distribution n(v) is given 
by the Maxwell-Boltzmann expression : 
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n(v) = cvexp( -buv/er ) (E-VII) 
where C is (for these purposes) a constant, v is tne 
atomic velocity, » is the atomc mass, k is Boltzmann's 
constant and T is the absolute temperature of the 
vapor. The average velocity is, then, 


sk oe (Bit/ur)®. — (B-VIIT) 


f° n(v) av 


fhe average atomic velocity may, therefore, be written 


<v> = 1.449 x 10" (/u)* cm/sec (B-IXx) 


where M is the mass of the atom in &.m.u.. 


D. The Laser Spot Size 


Te laser spot size a is not measured directly 


but is obtained from the relationship: 
a = (e}(r}, (B-x) 


where @ is the divergence of the laser beam and [ 

is the focal length of the lens used to focus the 
laser beam (originally 9/16 in. in diameter) down to 
the spot diameter. Eq. (E-X) is readily justified 
by reference to Fig. 5. The phenomenon of beam 
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divergence has its source in the fact that tne light 
rays are emanating from @ variety of points within 
the laser rod and are propagating at a variety of 
angles with respect to tne optical axis. As indicated 
in Fig. 5 those rays which are propagated parallel to 
the optical axis are focused to a point on the axis 
at a distance from the principal plane of the lens equal to 
its focal length. A group of rays hitting tne lens at 
an angle #0 from the axis 4s focused to a point in the 
same focal plane but at a distance 4/2 from the axis. 
One observes that, since those rays which pass through 
the center of the lens are undeflected, triangle ABC 
4s a right triangle with AB =T and BC = d/2 and angle 
CAB = 0/2. If 6/2 represents half the beam divergence 
angle then 4/2 represents the radius of the minimum 
spot size into which the beam may be focused. For 
small angles (in our case @ is on the order of 
milliradians) , 


y 
b 
i 
t 
: 

i 
{ 


#4 = (r)(tan(4o}] ~ (r} tte] (B-XI) 


E. Determination of the Beam Current 
1. Effective Height of the DP ector 
3(x,y) as it appears in Eq. (E-trxprepresents 
- the number of atoms per second which pass across 
‘+ "gq unit area perpendicular to the atomic beam axis and 
located at the point of the interaction. Tnis para- 
"meter may be indirectly measured..by a beam profile 


2 I he Sogteseteerentterrerrecreeentermeeeronseneneper 


Siderits BoP RY PS REEL AT SAIL 


SEER... SPI RIEIPE Pz 
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Caen 
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‘beam collimating slit and the hot-wire detector. The 


. Calculation from the known values of the beam geometry. 
“Me values used in the calculations presented in this 


shal ote, 
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: : a 
analysis combined with a knowledge of the appropriate ; : . hee Oe a eo oe ee $ 
beam dimensions. Fig. 6 displays the relative wit , Ww =0.037"" 


positions and sizes of the oven exit slit, the 


presence of the collimating slit gives rise to an 
atomic beam whose intensity as a function of the 
distance off-axis is trapezoidal in shape. Fig. 7 
shows this function as it would be measured by an 
ideal (zero width) detector and as it would be measured 
by a detector of finite width. 

In view of the intensity falloff in tne penumbra, 
an "effective detector neight" must be defined to adjust 


52.774" = Pact 
24.376" = Dye 


ease ERR 16.686" = Doi , 


for the uneven contributions to the detector current 
made by that part of the detector height within the 
umbra and that part which is in the penumbra. If, 

as in Fig. 6, one defines H to be the height of the 
umbra, H' to be the height of the umbra-plus-penumbra 
and h to be the height of the detector then 


re6 


Fi 


Bere = H+ (h + HY - 2H)( nh - H )/( 2H* - 2H). 
(B-x11) 


It should be noted that the values given in Pig. 6 for 
the beam umbra and penumbra are obtained by direct 


‘i BO.295" mee: 
gees «| : 
Meet 0-005" i 


section are, instead, those obtained from measurements of 
the atomic beam profile. « . aM eR Soe, 


ao abe i hncid hid Al wre 
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Although at large atomic beam current tnere is ap- 


preciable broadening, the profile parameters were 
stable over the range of currents obtained during the 
data-taking. In this range the full width of the 
umbra £ was found to be 44.0 mils and the full width 
of the base of the profile trapezoid £' was found to 
be 224.0 mils. Inserting these values for tne para- 
meters into Eq.(B-xII) we obtain 


Roce * 0.441 in = 11.201 mn- 

2. Mapping the Beam Profile 

Since the laser passes through the entire 
width of the atomic beam, it 15 necessary to determine 
how the current density behaves as a function of x 
(see Fig. 4 for a definition of x). ‘This is Gone by 
translating the hot-wire detector along the x-direction 
and then "mapping backwards" to the interaction region. 
By the use of similar triangles, one may readily verify 
that : 


( 4ant™oven WC 4 oyen ) = 2 = (E-xIv) 


~ (B-xv) 


(Ane Moven Al 41¥oven) * 8 


( MynePoven )/ (Meee hoven) =a {B-xvI) «= + 


4, Poven and Woven are 


: : C : ete, . zy _ . . - " TO = Re RR OF A RN Re LT EE IMT IL ME BRE NR EN On, Seep 
. 
. 
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a@ is defined as Dint/Paet and is equal to 0.462 in 
and font *tate and Mint are the interaction region 
analogs of 4, 4', and Mere respectively. 
Inserting the actual parameters of the apparatus 
into Eq.(E-XIV) and (B~xv),one obtains 


Sant 7 0-040 in = 1.016 mm (B-xvII) 
Sint = 0.083 in = 2.108 mn. (B-XVIITI) 
In a manner similar to that used in Section III El, 
we define the effective interaction region beam widtn 
Sere to be 
Seer * Aang tC 4fne~4ine) 
= a( 4dnt + 4ant ) 
= 0.062 in = 1.575 mm . (B-xIxX) - 
3. Mapping the Current Density 
If I, is the atomic beam current (in amps) 
in the umbra of the beam as read by a detector 


of height Dore and width Maet then the current 
density in the umbra is as 


Jo * To/(MereMaet) _ (B-xx) 


LS RTI RENE OBE EIEN OR 


mr ee Jane (¥) = 6.25 x 10° 1, (part/sec-: 
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faking into account the loss of beam intensity in 
the penumbra, we find that the total number of atoms 
which pass the detector plane to a height Kory in 


each second is 

(Ip/Maet) ( 4 +2(4'-4}) = (I,/2Wae¢) (4 '4t). (2-xxr) 
Tnis same number of particles passes an analog area in 
the interaction region which is given by Ayne™FereMine- : 
With the-use of Eqs. (E-XII),(E-XIV),(E-XV), (E-XVI), and 
(Z-XIX), we can write 


Agnt * (aMggetl2-o}bo yen) ( Ra{t+t'}). (B-xxII) 


Using Eqs. (x1) - and (xy1z), we can write the current 


” density in the interaction region as 


ii 

Tent (*¥) = 2 
Weer (a (Do re-Poven]+aMoyen) 
(B-xxIII) 


Inserting the experimental parameters for Moet? "err? 


h and a we obtain 


oven 


“| 
(B-XxIV) 


; 2 : . . 0.97 x 10° i, (part/sec- *). 


The spatial average flux <F> which appears implicitly 
in Eq. (E-VI) is expressed in units of photons/em*-sec. 
Physically what takes place is that the full power of 
the laser is focused down so that it intersects tne 
atomic beam in a spot of diameter d (see Eq. (B-X): ). 

Me average flux is indirectly measured by monitoring 
the laser power and dividing it by the area into which 
the laser is focused. If P is the instantaneous power 
of the incident lignt (in watts) and if fw is the 
energy contained in a single photon, then 


<P = {P/aw) photons/cm*-sec. (B-xxv) ranks 
x(4/2)* 


Combining Eqs.(g-x)  and(B-XXv),we may write <F> as 
<p> = —2_. (4/48) photons/cm@-sec (B-XXVI) _>. 
wo*r? : 
from which it follows tnat 
: nd 
<p> = 7.08 x 1099 
ver 


photons?/cm°-sec? 
(E-XXVII)_- 


where vew/2r. 
Finally ‘<F> may be replaced by (1/n)<P°> where 
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h is a correction factor dependent upon tne spatial 
profile of the flux. While the relative nature of 
the experiment renders h unimportant, it is, in principle, 
obtained from the divergence measurement in Section VI B. 


G. Conclusion 


Eq.(E-VI) expresses 6, in terms of N, <v?, J(x,y), 

da, nand F. Of these seven quantities, five are not 
directly measured but are, rather, obtained through 

the measurement of other experimental parameters (the 
measurement of N.is obteined from the: gain of the electron 
multiplier.’ 5.). It has been the purpose of this chapter 
to rewrite Eq.(E-vyI)- so that we obtain an expression for 
6, as a function only of directly measured quantities. 
Combining Eqs. (E-VI), (E-IX), (E-X}, {E-XIV),.(E-XV), (E-XIX), 
(E-XZIV), and (E-XXVII), ‘and inserting into the 
result those values of the parameters which remain 
constant throughout the experiment, we can finally write 


os nt, febrct “* 


_ (B-xxvirz) 
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MEASUREMENTS 

The actual measurements were performed by cross-firing 
the atomic beam with the laser, and recording the trace of 
electron multiplier and photodiode output signals. The time- 
evolution of the photodiode signal is most important, because of 
the non-linearity of the process and the lack of pulse-to-pulse 
reproducibility for the laser, The overall rise time of the 
Photodiode and its associate circuitry was about 1 nsec, quite 
sufficient to record the variation in the experiment. (This 
includes the 1 GHz traveling wave oscilloscope, which we used to 
record the photodiode output signal.) From the Photographed trace 
of the traveling wave CRT, we obtain the laser power P as a function 
of time. Prom P(t) we can obtain P¥(t), where Wis the order of 


the process. 


In the experiment, a quarter wave plate was rotated to produce 


Circular and linear polarized light as desired. (A random : 


sequence was used to eliminate the effect of any periodic variation 
in the laser output.) Both states of circularly polarized light 
were examined, and, as expected, showed no measurable difference. 
A sizeable difference between linearly and circularly polarized 
Was observed. This discovery was the outstanding achievement of 
the project. 

The experimental results are as follows. 
Cesium: R , = 1.71 +.53, at ruby laser frequency; Ry = 1.28 +.21, 
at ruby second harmonic. 
Potassium: R, = 0.904 +.229, at ruby laser frequency. 
(Ry = §ylcireularly polarized light)/$ y(linearly polarized light).) 
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DETAILED CALCULATION 


As we indicated earlier, detailed calculations for the three 
quantum icnization of cesium have been performed. Similar results 
for the two-quantum process have also been completed. In this section, 
we will outline the procedures by which these calculations have been 
done. 

We make use of a model in which the cesium atoms are treated in 
a single-electron approximation. For this purpose, the valence eleciron 
moves under the influence of a potential which accurately reproduces 
the ground, lowest p-, and lowest d-state energies. (For L #7 0, the 
potential reproduces the weighted average of the doubletenerzy.) The 
potential behaves like -Z/r for small r, and like -1/r for r going to 
infinity. The effect of the 54 core electrons is ignored, except insofar 
as they contribute to the potential for the valence electron. For the 


two quantum process, we must solve the differential equation 


2 


See +V¢r) + pees me a -tw} b= (c-r) 


c . 
The unperturbed wave function Y, ata &) 


The final state partial wave function is P= a4 1M, ( 2) 
Fe’ F 


For the three quantum process we solve 


2s 
T-$. VO HL eo gq ae A, 
rt 


@) 
2} 9. = TAg(o) 
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Unlike previous work, we solved the differential equations by means 
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of numerical forms of the Green's function. The Green's function 
satisfies the inhomogeneous differential equation with the delta- 


function inhomogeneity 
1 


w 
c-2 AAQH) +VOr) - & 44 w'] & (f5 oe) 


rt 


(C-III) 


= yoe-r) 


The solution of the desired inhomogeneous equation is obtained by 
the quadratures 


ey ; 
d= GF Bcmety owe er) de 
2) 


= aL 
G = Aa(nyrcs), [-$ 2G syerd Eel we 


20, ~ 


In general, B,-hw, etc, are not eigenvalues of the differential 
equation, so that the solutions, u(r), v(r), which are regular for 
small and large values of r, are not the same function, 1.e., u goes 
to infinity for r going to infinity, and v goes to infinity (or to 
a non-zero value for L=0) as r goes to zero. The Green's function 


is then of the form Au(r, ) v(r, ), where the constant 4 is chosen to 
make the coefficient of the delta function on the left side of the top 
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equation equal to unity, in accord with the right side. 

The functions u, v are obtained numerically. We assume 
the asymptotic expansion for v at large values of r that is ap- 
propriate for a Coulomb potential. This is integrated inward. We 
take a power series for u near the origin, and then integrate outward. 
In general, u will diverge exponentially at large r, and v gocs as 
r-L at omall r. Quadratures are obtained by Simpson's rule, and 
the differential equations for u and v are solved by Numerov's 
method, en the first derivative has a vanishing coefficient. 

Calculated results for the two and three quantum transition 
rates in cesium ere tabulated below. Our result for the ratio 
of the linearly polarized transition rate to the circularly polar- 
ized transition rate is in good agreement with experiment, as is 
the second harmonic two-quantum result. Lambropoulo has also 
obtained good agreement in the two quantum case, although he used 
much simpler (hydrogenic 2s) wave functions. This seeming success 
of this very crude approximation can be understood as follows. ¥e 
see that our table gives practically a constant relative transition 
probability over a substantial frequency range. (fhe relative 
transition probability measures the ratio of the p to s and p 
to d radial integrals.) As long as resonances are not important, 
we may aprroximate the intermediate summation by the same one or 
two terms, which, in this case, hap-en t- yield intermediate to 
final state radial integrals of the same relative magnitudes in 
hy¢rogen and cesium. The situation changes as a state goes through 
@ resonance, especially where we must consider both the resonant 
and non-resonant terms as interfering. In short, it appears that 
the relative two photon rate tends systematically to be near eS 
but that wide divergences occur in the vicinity of intermediate 


state near-resonances. 
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TWO-PHOTON IONIZATION OF CESIUM (THEORY) 


Photon Energy Linear, Transition Rate Relative trans. rate TRREE~PHOTON IONIZATION OF CESIUM (THEORY) 
Rydber, em*-sec Circular/linear 


; . Photon Energy Linear Trang: tion Kate Relative Transition Rate 
2161 1.33 (Rydberg) en-sec 
2165 . 
£170 iss 0.100 2.18 x 10776 0.030 
2175 1.34 0.102 5.60 x 10-77 2.20 
179 1.35 0.103 1.66 x 10 0.817 
18% 1236 0.105 1.26 x 10775 2.50 
2189 2.00 " 1.40 0.107 2.20 x 10-74 2.37 
+193 1.11 x10792 1.47 0.108 1.98 x 10-74 2.34 
2198 3.27 x10750 1l19 0.110 5.03 x 10-76 2.10 
+203 1.54 x10748 1:28 0.111 7.69 x 10-77 1.12 
207 139 * 1.30 0.113 : 5.19 x 10-78 0.868 
212 2:75 x10749 1:32 0.114 2.19 x 1077 0.520 
2217 3.25 ° 1.33 0.116 5.42 x 10-79 0.796 
221 6.82 110750 1.34 0.118 2.32 x 10-76 0.065 
0226 3.58 " 1.35 0.119 4.94 x 10-77 2.47 
2231 1.065 * 1.36 0,121 1.54 x 107 2.41 
235 9.64 " 1242 0,122 5.33 x 10778 0.088 
2240 1.58 210749 1/39 0.124 1.05 x 10-77 0.498 
0245 8.83 x10-50 1.31 0.126 9.79 x 10 0.281 
249 2.37 x10-49 0.906 0.127 1.33 x 10-73 1.59 
0254 3.44 x 10-48 0.220 0.129 2.05 x 10778 0.952 
+259 6.02 x 10-49 0.0130 0.130 9270 x 10-78 0.016 
+264 2.95 x 107-48 1.39 0.132 2.40 x 107 2.03 
258 7.97." 0.562 0.134 2.39 x 10-77 0.861 
2273 1.65 " 0.577 0.135 2.33 x 10777 1.34 
38 oe: a ee cue rity a 
ea de ‘e ° ° x hes ° 

“ aioe 0.140 1.38 x 10-7 1.14 

0.142 3.38 x 107 2.28 
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